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WHAT THIS PAPER ADDS
 To validate the clinical relevance of a comprehensive model of rAAA. The aim of this study is to induce haemodynamic and
metabolic changes similar to a typical clinical scenario. Moreover, we concentrate on a description of organ perfusion including
microcirculation, oxygen consumption and the induction of inﬂammatory response and oxidative stress.a r t i c l e i n f o
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Objectives: To validate a porcine model of ruptured abdominal aortic aneurysm (rAAA) repair.
Design: Experimental study.
Methods: Ten experimental and ﬁve sham-operated pigs were studied. Instrumentation for cardiac
output (CO) measurement, regional blood ﬂow (renal-REN and portal-PORT) and blood sampling
(inferior vena cava (IVC), renal and portal vein) was done. Microcirculation was visualised sublingually
and in ileostoma. Protocol: simulation of rAAA with bleeding (mean arterial pressure (MAP) 45 mmHg)
and increased abdominal pressure (25 mmHg) for 4 h; 2 h of infrarenal clamp with shed blood
retransfusion; 11 h of post-surgery care.
Results: Six experimental pigs completed the protocol and are presented. Bleeding decreased CO to 95%,
PORT to 80% and REN to 10% of baseline. From clamping on CO and PORT increased above baseline
whereas REN (47%) with creatinine clearance remained compromised till the end. Microcirculation was
affected more in ileum than sublingually. Approximately threefold increase in cytokines (tumour
necrosis factor-a (TNF-alpha), interleukin (IL)-6 and IL-10) and oxidative stress markers (thiobarbituric
acid-reactive substances (TBARs) and 4-hydroxy-2-trans-nonenal (HNE) was observed. Only mild
increase in IL-6 and TBARs was observed in sham-operated animals. Organ histology did not reveal
differences between groups.
Conclusions: This near-lethal model of rAAA induced expected severe deterioration of haemodynamics
and metabolism accompanied with a moderate inﬂammatory and oxidative stress response.
 2012 European Society for Vascular Surgery. Published by Elsevier Ltd. All rights reserved.Elective abdominal aortic aneurysm (AAA) surgery mortality
decreased to 2e4%.1,2 Nevertheless, AAA rupture repair (rAAA) is
still an emergency situation with high mortality. Almost 40% of
patients die within ﬁrst 24 h of haemorrhagic shock and a furtherAnesthesiology and Intensive
656 91 Brno, Czech Republic.
ek).
ciety for Vascular Surgery. Publish30% die later of multiple organ failure.3 A recent study reports
mortality of 35%.4 There are several causes of tissue injury during
rAAA: global tissue hypoperfusion during the haemorrhagic shock,
intra-abdominal hypertension with its negative effect on intra and
extra-abdominal organs, surgical trauma and ﬁnally lower torso
ischaemia during aortic cross-clamping (ACX). All these insults lead
to impaired tissue perfusion and induction of inﬂammatory
response.5 Subsequent reperfusion in combination with leukocytes
activation6 results in the production of reactive oxygen speciesed by Elsevier Ltd. All rights reserved.
Figure 1. Flowchart of experimental protocol and data collection times.
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predominant regions e abdominal organs with kidneys and
muscles of lower extremities.8
Unfortunately, most data originate in elective AAA surgery
because data on rAAA are limited. A rat model of rAAA repair and
suprarenal ACX was developed and extensively studied by Lindsay.
Various interventions such as selective inducible nitric oxide syn-
thase (iNOS) inhibitor9 or C5a receptor antagonist10 attenuated
organ dysfunction. Alric et al. used a porcine model of infrarenal
ACX, but it was focussed only on systemic and renal haemody-
namics.11 A model combining haemorrhagic shock and suprarenal
ACX was developed by Lozano et al.12 Inﬂammatory response
activation and the blood loss and surgical technique impact on the
outcome has been described extensively.13
According to our literature search, no comprehensive model of
infrarenal rAAA has yet been published. In our opinion, inclusion of
most pathophysiological factors in study design improves the rele-
vance of the model. Therefore, we decide to simulate haemorrhage,
abdominal hypertension and infrarenal ACX. Moreover, a large
animal model allows performing instrumentation, sampling,
monitoring and treatment in the way similar to clinical practice.
Materials and Methods
Animal preparation
Animal handling was in accordance with the European Directive
for the Protection of Vertebrate Animals Used for Experimental and
Other Scientiﬁc Purposes (86/609/EU). The experiment was
approved by the Ethics Committee of University of Veterinary and
Pharmaceutical Sciences Brno.
Ten experimental (AAA group) and ﬁve sham-operated (SHAM
group) domestic female pigs weighting 38 (37e39) kg were studied
under general anaesthesia. For premedication, zolazepam/tyleta-
min and ketamine were applied i.m. General anaesthesia was
induced with intravenous atropine 0.25 mg, ketamine 1 mg kg1
and propofol 2 mg kg1. The pigs were intubated and mechanically
ventilated in the volume-control mode (tidal volume 8 ml kg1,
PEEP 7 cmH2O, I:E 1:2; FiO2 0.25, with the respiratory rate adjusted
to maintain ETCO2 4e5 kPa).
Anaesthesia was maintained with propofol 7 mg kg1 h1,
sufentanil 10 mcg h1 and pancuronium 3e6 mg h1. After the
induction of anaesthesia, 500 ml of balanced crystalloid solution
was infused followed by continuous infusion of 5 ml kg1 h1 (rate
increased to10 ml kg1 h1 during instrumentation and surgery
simulation). In case of hypotension (mean arterial pressure
(MAP) < 70 mmHg) or hypovolaemia (pulmonary artery occlusion
pressure (PAOP) < 8 mmHg), 4% gelatine was infused at
10 ml kg1 h1 until correction. Where ﬂuid administration proved
ineffective, norepinephrinewas used to keepMAP above 70mmHg.
Heparinwas continuously infused at a dose 10 IU kg1 h1 until the
end of instrumentation, and subsequently at 16 IU kg1 h1. Nor-
moglycaemia was maintained by continuous glucose infusion and
the body temperature was actively kept between 37 C and 38.5 C.
Arterial catheters were placed into the right carotid and left
femoral arteries. Central venous and pulmonary artery catheters
were inserted into the right submandibular vein. Left femoral artery
was cannulated for blood removal and conﬁrmation of aortic
occlusion. Midline laparotomy was performed and precalibrated
ultrasound transit time ﬂow probes (Transonic Systems, Ithaca, NY,
USA) were placed around the portal vein and right renal artery.
Catheters for blood samplingwere placed into the portal, right renal
and inferior caval vein 5 cm distally from the junction with renal
veins. Loop ileostomy was performed to visualise ileal mucosal
microcirculation. Urine was drained by means of epicystostomy.Two catheters were placed into the abdominal cavity for saline
infusion and direct intra-abdominal pressure (IAP) measurement.
The infrarenal aorta was prepared for cross-clamping and the infe-
rior mesenteric artery for ligation. Having sutured the laparotomy,
post-surgery stabilisation followed for at least 2 h.
Study protocol
The experimental protocol is depicted at Fig. 1. In the shock
phase, which simulates rupture of AAA, crystalloid infusion was
stopped and haemorrhagic shock was induced by rapid with-
drawing blood from femoral artery into autotransfusion bags with
citrate phosphate dextrose (CPD)-A1 solution. The haemorrhage
end pointswereMAP< 45mmHgorHR> 220min1. In the absence
of hypotension (MAP > 60 mmHg), blood removal continued
regardless of the heart rate. In case of severe hypotension
(MAP < 40 mmHg), 4% gelatine and norepinephrine infusion were
used to keepMAP above 40mmHg.Warmed salinewas infused into
the abdominal cavity to induce abdominal hypertension (target IAP
of 25 mmHg). Data were obtained after 2 h (T2; haemodynamics
only) and 4 h (T3). After 4 h of haemorrhage, an urgent surgery was
simulated (clamping phase). Cefazolin 1 g and heparin 100 IU kg1
were administered intravenously, infrarenal aorta was cross-
clamped and the lower mesenteric artery was ligated. Collected
bloodwas rapidly retransfused after the clamping. Twohours of ACX
was followed by data collection (T4). Subsequently, protamine
sulphate 50 mg kg1 was applied, infrarenal aorta declamped and
abdominal cavity closed. During the postoperative phase, data on
haemodynamics was obtained 2 h after reperfusion (T5). The
protocol was completed at 11 h after declamping with all data
obtained (T6). The pigs were sacriﬁced under deepened anaesthesia
and organs harvested for histopathology.
Measurements and calculations
Cardiac output (CO) was measured by thermodilution in tripli-
cate, regional perfusion in the right renal artery and portal vein
with transit time ﬂow-probes. Sublingual and ileal mucosal
microcirculation was visualised using sidestream darkﬁeld (SDF)
technology (Microscan Video Microscope System, MicroVision
Medical Inc., Amsterdam, The Netherlands). At six timepoints,
microcirculation was recorded in three sequences (20 s each) from
three random areas. The sequences were blindly analysed off-line
by one operator using AVA 3.0 software (AMS). Total vessel
density (TVD), microvascular ﬂow index (MFI) and heterogenity
index for TVD and MFI were calculated.
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vein (REN) and inferior vena cava (IVC) blood samples were drawn
for blood gas analysis and lactate measurement. Arterial blood was
further analysed for complete blood count, albumin, urea and
creatinine. Liver enzymes were assessed at baseline and at the end
of the study; 2-h creatinine clearance was measured at baseline,
during ACX and during the last 2 h of the study.
Arterial blood samples were immunoassayed for tumor necrosis
factor-a (TNF-alpha), interleukin-6 (IL-6) and interleukin-10 (IL-
10). Lipid peroxidation markers 4-hydroxynonenal (4-HNE),
malonyldialdehyde (MDA) and thiobarbituric acid-reactive species
(TBARS) were measured in deproteinised plasma by high perfor-
mance liquid chromatography (HPLC), ultravioletevisible (UVeVIS)
detector and spectrophotometric method, respectively.
At the end of the experiment, tissue samples of heart, liver and
right kidney were harvested for histopathology.
Statistical analysis
All data are presented asmedian values with interquartile ranges.
Non-parametric statistics was used for analysis. Friedman analysis of
variance (ANOVA) andWilcoxon test were used to test time changes;
ManneWhitney U test was used for comparisons between groups.
The analysis was performed using the Statistica (StatSoftInc, Tulsa,
USA) software. P < 0.05 was considered statistically signiﬁcant.
Results
Three pigs died at the end of haemorrhagic shock and one
underwent CRP and died later due to irreversible shock. There was
no difference between surviving and non-surviving animals in any
measured variables except for a trend to lower arterial pH at the end
of haemorrhagic shock. Six interventional pigs completed thewhole
protocol andare presented further. The total volumeof blood shed in
the AAA group was 44 (40e47) ml kg1. The body temperature was
held within the deﬁned range except for the end of shock in AAA
groupwhen it dropped to 36.6 (36.3e36.8) C (p<0.01 to SHAMand
p < 0.05 to baseline). Generally, no changes were observed in the
sham-operated animals except for haemodilution (albumin, hae-
moglobin and platelets) and slight increase in TBARs. One sham-
operated pig suffered from renal failure due to surgery difﬁculties
and is excluded from the renal results.
Haemodynamics
Haemodynamic data are shown in Table 1. The course of CO,
portal and renal blood ﬂow is presented in Fig. 2. Blood loss inTable 1
Systemic hemodynamics and organ blood ﬂow.
Group T1 T2 T
Heart rate (1/min) AAA 87 (74e139) 190 (150e200) #$ 1
SHAM 115 (115e140) 110 (100e120) 1
MAP (mmHg) AAA 79 (72e99) 49 (46e50) ##$
SHAM 90 (84e94) 81 (80e85)
CVP (mmHg) AAA 5 (4e7) 9 (7e10) $
SHAM 5 (4e5) 5 (4e7)
PAOP (mmHg) AAA 7 (6e8) 7 (4e9)
SHAM 6 (5e6) 7 (6e8)
Cardiac output (ml/kg/min) AAA 91 (70e114) # 50 (46e51) ##$
SHAM 123 (119e123) 143 (137e159) 1
Renalﬂow (ml/kg/min) AAA 7.7 (7.3e7.9) 0.1 (0e1.5) ##$
SHAM 5.7 (5.5e6.0) 6.8 (5.8e6.8)
Portalﬂow (ml/kg/min) AAA 17 (10e28) 5 (4e14) ##$
SHAM 21 (19e32) 24 (21e28)
# p < 0.05 between AAA and SHAM, $ p < 0.05 to baseline value, double symbol means
The row with IAP was deleted.combination with abdominal compartment syndrome led to the
development of a low-ﬂow shock state with almost no renal
perfusion (T3). Blood retransfusion and ﬂuid resuscitation during
ACX caused hyperdynamic response, which was also present in
portal vein but not in kidneys (T4). At the end of the study (T6),
systemic and portal perfusion was close to the baseline whereas
renal perfusion deteriorated.
As for microcirculation, TVD in ileal mucosa was signiﬁcantly
reduced only after 4 h of shock (T3) and returned to baseline after
resuscitation. No sublingual changes were noted. Microvascular
ﬂow index (MFI) in ileal mucosa was signiﬁcantly compromised
(stopped ﬂow) as early as after 2 h of shock (T2). These changes
were in parallel e but to a lesser extent e reﬂected sublingually
(Fig. 3). After resuscitation from shock, all parameters normalised
rapidly. In SHAM group, baseline values did not differ fromAAA and
no changes were observed during the study. Detailed results are
shown in Table 2.Haematology and metabolism
Haematological and biochemical data are presented in Table 3.
Signs of haemodilution (drop in albumin and haemoglobin)
developed gradually. Blood loss at the end of haemorrhage (T3) led
to increased white blood cells (WBC) in AAA group. Subsequently,
WBC decreased during ACX and postoperative care and was
signiﬁcantly lower compared to the SHAM group (T6).
At the end of shock (T3), severemetabolic acidosis with elevated
lactate and decreased organ venous saturation developed (Table 4).
Improved circulation during ACX (T4) decreased oxygen extraction
in the portal vein and in the whole body (SvO2). This ‘luxury
perfusion’ was accompanied by improvement in metabolic acidosis
and lactate values. ACX affected only lower limbs that became
source of lactate (increased lactate gradient ICV e artery; p < 0.01).
Only mild metabolic acidosis persisted to the end of study (T6),
other values were close to baseline levels. After the end of the shock
phase (T3), signs of renal injury (increased plasma creatinine) were
present. Although plasma creatinine then tended to decline, 2-h
creatinine clearance at T6 was lower in AAA group.Inﬂammation and oxidative stress
Plasmatic levels of cytokines TNF-alpha, IL-10 and IL-6 are
presented in Fig. 4. The oxidative stress markers e TBARs and 4-
HNE e reached the peak concentration at T3 and remained
elevated till the end of the study (Fig. 5). MDA, analysed only at T0
and T6, remained unaltered in both groups.3 T4 T5 T6
57 (135e166) #$ 147 (135e187) $ 144 (125e200) $ 92 (84e153)
19 (105e122) 137 (115e138) 116 (111e145) 87 (84e96) $
49 (47e54) ##$ 99 (80e112) 77 (68e80) # 90 (65e91)
90 (84e101) 88 (88e89) 90 (86e90) 92 (84e98)
12 (9e13) ##$ 8 (5e10) $ 7 (4e10) 9 (4e9)
4 (4e5) 6 (4e6) 5 (4e7) 6 (4e7)
10 (8e11) 9 (6e10) 8 (7e9) 10 (7e12)
7 (6e8) 7 (6e7) 7 (6e8) 7 (6e9)
92 (74e108) ## 149 (136e217) $ 130 (119e158) $ 123 (114e149)
49 (144e156) 169 (146e170) 170 (146e173) 149 (121e149)
0.8 (0.5e1.4) ##$ 6.0 (3.8e6.8) 6.5 (5.6e6.8) 3.6 (1.2e6.2) #$
6.6 (6.1e6.8) 7.0 (6.0e7.2) 6.5 (5.3e6.7) 7.6 (6.3e7.7)
16 (15e21) 38 (27e46) $ 25 (16e35) 22 (20e23)
24 (23e30) 23 (22e28) 22 (21e29) 19 (18e23)
p < 0.01.
Figure 2. The course of cardiac output, renal and portal blood ﬂow shown as relative
changes to the baseline value in AAA group.
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Generally, only minor reversible changes were observed. Signs
of incipient ischaemia (dystrophic vacuolisation of tubular cells,
sporadic granular and hyaline cylinders) were noted in kidneys in
both groups except of one pig in the AAA groupwhich had a picture
of acute tubular necrosis. Perivascular groups of myocytes with
dystrophic vacuolisation were seen in the myocardium (less man-
ifested in sham-operated animals). Focal leukostasis without
translocation of polymorphonuclears to the interstitium also was
observed in both groups. The liver demonstrated mild activation of
Kupffer cells, sporadic centrilobular hepatocyte necrosis and
hyperaemic sinuses e a picture of acute venostasis and reversible
incipient ischaemic changes. The picture showed no intergroup
difference.Discussion
In our model, a combination of haemorrhagic shock, intra-
abdominal hypertension and infrarenal ACX e as yet never tested
simultaneously e together with relevant time scenario well
parallels clinical situation in patients with ruptured AAA. Severe
haemodynamic and metabolic deterioration was accompanied byFigure 3. Comparison of microvascular ﬂow index (MFI) in sublingual area and ileum
in AAA group. Legend: # p < 0.05 between AAA and SHAM, % p < 0.05 between
sublingual and ileal mucosa, $ p < 0.05 to baseline value, double symbol means
p < 0.01.development of organ dysfunction and activation of inﬂammatory
response and oxidative burst. These insults resulted in minor
changes in the histological structure of parenchymal organs.
Haemodynamics and oxygen metabolism
Constant blood pressure model, which was used to control
blood loss in this model, copies better the clinical scenario than
ﬁxed volume blood taking. Blood volume required to induce
hypotension was excessive (median 44 ml kg1). Although a retro-
peritoneal haematomawas not simulated, we consider the infusion
of warmed saline into the abdominal cavity as a better substitute
than, for example, abdominal banding.14 It is well documented that
intra-abdominal hypertension (IAH) has a negative effect on renal
and gastrointestinal perfusion and IAP over 10e15 mmHg
compromises CO.14,15 On the other hand, decreased blood volume
in the splanchnic area and its redistribution to thoracic compart-
ment may have improved short-time tolerance of hypovolaemia.14
The combination of different hits led to the renal compromise in
our study. However, whether ACX alone causes renal injury is not
clear. Both human and porcine studies using hippuran showed an
approximately 35% decrease in renal perfusion and clearance in
elective AAA repair.11,16 Blood ﬂow was redistributed toward the
cortical compartment11 and impaired perfusion sustained or even
worsened after declamping. On the other hand, porcine study using
transit time ﬂow probes showed no changes in renal perfusion
during ACX.11 We expected more prominent increase in the oxygen
extraction ratio during the shock to compensate the limited ﬂow e
renal venous saturation dropped only to 73% even when renal
blood ﬂow decreased to 10% of the baseline ﬂow. This to our
opinion reﬂects the fact that the nutritional ﬂow to supply the renal
parenchyma is low. On the other hand, renal blood ﬂow did not
copy CO a portal circulation, and remained diminished at the end of
the study.
Sublingual and ileostomal microcirculation was found weakly
correlated. The microvascular ﬂow index (MFI) was generally more
affected than that of density (TVD). Although sublingual and
intestinal mucosae react in parallel either solely during haemor-
rhagic shock17,18 or during IAH,15 a combination of the insults
possibly results in loss of this relationship. Weak correlation of both
compartments in critical conditions with abdominal pathology was
already shown in patients with peritonitis.19
Inﬂammation and oxidative stress
In our model of rAAA, we noted a moderate increase in all
measured cytokines. Pro-inﬂammatory mediator TNF-alpha
increased only threefold compared to a 10-fold increase in Loz-
ano’s suprarenal ACX and haemorrhage model.12 In the Lozano
study, the increase was observed within 24e72 h after reperfusion.
Hence, relatively short time of reperfusion in our model (11 h) may
not have been sufﬁcient for full development of the inﬂammatory
response. In our animals, dual IL-6 markedly increased during the
shock phase and ACX with subsequent postoperative decrease. This
course is similar to Lozano’s suprarenal ACX. The anti-
inﬂammatory response differed. We observed a slight increase in
IL-10 levels whereas in the Lozano study IL-10was decreased below
baseline for 3 days (similar elevation was observed only in sham-
operated animals). It is important to highlight the differences in
the setup of our own (infrarenal ACX with IAH) and Lozano’s study
(suprarenal ACX), which together with different study duration
(22 h vs. 7 days) accounts for the difference.
Heparin was administered to all pigs throughout the study. Its
anti-inﬂammatory effect may have blunted the production of
cytokines.20 Moreover, even mild drop in body temperature during
Table 2
Microcirculation and its heterogeneity in sublingual and ileal mucosa.
Area T1 T2 T3 T4 T5 T6
TVD Subl. 14.8 (14.5e18.3) 15.1 (14.4e17.5) 13.7 (10.1e17.8) 16.9 (14.4e20.6) 18.1 (15.3e19.0) 14.3 (11.6e15.3)
Ileum 13.2 (13.1e18.4) %# 16.1 (11.4e16.9) %# 7.3 (3.3e9.1) $%# 17.8 (16.5e20.8) 18.4 (17.1e19.6) 15.8 (11.6e18.7)
MFI Subl. 0.04 (0e0.13) %# 0.67(0.39e0.9) $%%## 0.7 (0.29e0.73) $%%## 0.17 (0e0.21) %# 0 (0e0.9) 0.09 (0e0.29) #
het. Ileum 0.09 (0e0.17) 2.27(2e3) $%# 2 (1.5e3) $%%## 0.12 (0e0.58) 0 (0e0.18) 0 (0e0.75)
TVD Subl. 0.21 (0.14e0.32) 0.12 (0.09e0.18) 0.27 (0.11e0.88) 0.18 (0.14e0.28) 0.19 (0.13e0.41) 0.23 (0.08e0.29)
het. Ileum 0.16 (0.09e0.22) 0.22 (0.15e0.32) 0.48 (0.14e0.71) 0.35 (0.14e0.56) 0.2 (0.16e0.25) 0.13 (0e0.33)
TVD e total vessel density, MFI e microvascular ﬂow index, het. e heterogeneity, Subl. e sublingual mucosa, Ileum e ileal mucosa, # p < 0.05 between AAA and SHAM, %
p < 0.05 between sublingual and ileal mucosa, $ p < 0.05 to baseline value, double symbol means p < 0.01.
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inﬂammatory mediators.21
Preoperatively, only patients undergoing rAAA had elevated
values of IL-6 and IL-10 in comparison to elective AAA repair and
healthy controls.5 Patients with signs of shock had higher values
than stable rAAA patients. The relative increase was similar to that
in our animals after the shock phase.
Oxidative stress (OS) plays an important role in rAAA patho-
physiology and adds to organ dysfunction.22 As proved by Lindsay
using isoprostanes,7 there is a double-hit injury: haemorrhagic
shock followed by reperfusionwhich leads to a gradual induction of
OS with peak values at third postoperative day. Approximately
threefold increase in lipoperoxidation markers (4-HNE and TBARS)
observed in our study is much lower than in suprarenal ACX
model.12 Nevertheless, peak values in that study were reached
24e72 h after reperfusion, and combination of ACX with haemor-
rhagic shock led to more pronounced OS than ACX alone. Reactive
oxygen species production developed gradually and our model was
probably too short to detect the peak values as discussed above. In
our study, blood sampling and preanalysis were done under
deﬁned condition as this could affect OS determination, for
example, by haemolysis.23Relevance of the model
The described changes parallel the typical course at operating
theatre and following intensive care. This near-lethal injury has led
to mortality of 40%, which is close to the clinical practice.4 Hence,
we consider the model as a relevant surrogate for human patho-
physiology and the experimental results can be transferred to
clinical trials.
We are aware that the extent of monitoring is wide, and
therefore expensive. Nevertheless, organ dysfunction developsTable 3
Biochemistry and haematology.
T0 T1
Albumin (g/l) AAA 35 (31e35) 27 (27e28) $
SHAM 34 (33e36) 29 (27e33) $
Creatinine (umol/l) AAA 121 (99e128) 122 (89e124)
SHAM 122 (100e125) 114 (102e129)
Clearance (ml/s) AAA e 3.04 (2.41e5.22)
SHAM e 3.79 (3.78e6.6)
WBC (103/ml) AAA 12 (11e12.5) 12.9 (11.5e13.8)
SHAM 14.1 (13.7e17.1) 19.9 (14.5e22.4)
Haemoglobin (g/l) AAA 102 (96e105) 93 (83e95)
SHAM 93 (92e102) 89 (86e96)
Platelets (103/ml) AAA 617 (576e673) 525 (502e604) $
SHAM 587 (571e627) 583 (520e592)
# p < 0.05 between AAA and SHAM, $ p < 0.05 to baseline value, double symbol means
The rows with potassium, urea, AST and ALT were deleted.gradually and the long-term observation requires prolonged
intensive care, which is even more expensive. The range of moni-
toring or analyses, which are the most expensive part of the study,
can be reduced to answer the speciﬁc question. We consider this
model suitable mainly for testing of various interventions, which
affect haemodynamics or organ function following rAAA.Study limitations
Although we aimed at a non-lethal model, four of our 10 pigs
died during the protocol. We think that combination of haemor-
rhagic shock with IAH was the main reason that our pigs reached
a ‘deadly’ cumulative oxygen debt as shown in haemorrhagic
porcine model of Rixen et al.24 Indeed, the median values measured
in our animals (lactate 8 mmol l1 and base deﬁcit 13 mmol l1) are
very close to values that predicted death in the Rixen study. In the
future, we consider inducing haemorrhagic shock gradually with
better control of removed blood. This, together with bedside blood
gas and lactate monitoring, will help us to develop a more repro-
ducible model.
Though our model is close to the typical clinical scenario, some
differences remained. All animals started to bleed under general
anaesthesia whereas patients are intubated while bleeding already.
In fact, an aortic rupture instead of aortic aneurysm rupture was
examined. Young pigswithout any co-morbidities are very different
from human patients with rAAA. This is a problem of most experi-
mental studies but could be at least partially overcome by using
special pig breeds (e.g., atherosclerotic pig). Even if porcine anatomy
is close to human,25 the pig’s smaller lower body torso accounts for
the lower signiﬁcance of infrarenal ACX. Combined with relatively
short time of reperfusion (11 h), this can explain the moderate OS
response observed. In the future, an extended spectrum of OS
markers (e.g., isoprostanes) and regional sampling from splanchnicT3 T4 T6
18 (16e19) ##$ 22 (18e23) #$ 13 (11e17) ##$
26 (25e30) $ 24 (24e28) $ 25 (22e25) $
183 (130e201) #$ 153 (118e186) $ 146 (110e211) #$
107 (86e122) 105 (84e116) 94 (88e103)
e 0.9 (0.85e3.45) 1.8 (0.11e2.68) #
e 3.18 (3.05e3.97) 3.79 (3.23e5.14)
22.1 (19.6e23.3) $ 14.8 (6.1e16.3) 7.5 (7.1e9) #
15.6 (12.4e19.5) 16.6 (13.1e17.8) 16 (10.3e18.3)
64 (62e65) ##$ 78 (72e85) 58 (50e82) $
90 (85e94) 83 (79e89) $ 77 (74e82) $
353 (282e393) $ 311 (150e405) ##$ 215 (143e281) #$
408 (406e508) $ 457 (425e471) 345 (332e423) $
p < 0.01.
Table 4
Oxygenation, acid base and regional venous saturation.
Group T1 T3 T4 T6
pO2 (kPa) AAA 30.9 (30.1e33.4) 20.0 (15.4e25.3) $ 24.9 (23.6e30.7) $ 31.1 (30.8e31.4)
SHAM 29.7 (29.6e30.7) 28.6 (28.3e29.5) 28.8 (28.2e29.4) 29.9 (24.7e30.5)
pH AAA 7.47 (7.41e7.53) 7.2 (7.02e7.23) ##$ 7.33 (7.21e7.36) ##$ 7.42 (7.38e7.46) #
SHAM 7.46 (7.39e7.47) 7.48 (7.44e7.49) 7.46 (7.44e7.46) 7.53 (7.46e7.53)
BE (mmol/l) AAA 3.5 (1.5e4.8) 13(19.3e12.7) ##$ 5.8(11.6e2.8) ##$ 1.2(4.1e0.7) ##$
SHAM 3.5 (3.4e4.8) 4.6 (4.6e5) 4.6 (4.4e5.1) 4.9 (3.2e4.9)
Lactate (mmol/l) AAA 1.4 (0.6e1.6) 8 (4.5e12.5) ##$ 3.2 (1.6e9) ## 0.4 (0.4e0.5)
SHAM 0.5 (0.3e0.7) 0.5 (0.3e0.5) 0.4 (0.3e0.5) 0.2 (0.2e0.4) $
SvO2 (%) AAA 87 (82e95) 77 (72e92) 92 (92e93) ## 87 (85e88)
SHAM 86 (86e86) 85 (84e86) 84 (83e87) 87 (84e87)
sat-ren (%) AAA 98 (96e98) # 73 (68e77) ##$ 92 (92e97) 92 (92e96)
SHAM 94 (94e95) 94 (92e95) 92 (91e95) 93 (89e94)
lac-ren (mmol/l) AAA 1.3 (0.5e1.3) 6.8 (4.8e8.6) ##$ 2 (1.3e4.1) ## 0.3 (0.3e0.4)
SHAM 0.6 (0.4e1.5) 0.4 (0.3e0.5) 0.4 (0.2e0.4) 0.3 (0.2e0.3)
sat-por (%) AAA 90 (82e93) 76 (63e82) ##$ 97 (96e99) ##$ 94 (91e97)
SHAM 88 (88e89) 90 (90e90) $ 90 (90e91) 91 (90e94)
lac-por (mmol/l) AAA 1.5 (0.8e1.7) 10.2 (5.9e13.8) ## 2 (1.4e8.5) ## 0.5 (0.4e0.6)
SHAM 0.6 (0.4e0.7) 0.6 (0.4e0.6) 0.4 (0.3e0.6) 0.3 (0.2e0.4)
sat-icv (%) AAA 89 (86e96) 62 (59e76) $ 76 (72e92) 94 (93e96)
SHAM 90 (88e91) 91 (90e92) 90 (90e91) 91 (90e93)
lac-icv (mmol/l) AAA 1.7 (0.7e1.9) 7.7 (5.1e12.4) ##$ 4.6 (1.9e12) ## 0.4 (0.3e0.6)
SHAM 0.6 (0.4e0.8) 0.6 (0.4e0.6) 0.5 (0.4e0.6) 0.3 (0.3e0.5)
BE e base excess, SvO2 e mixed venous oxygen saturation, sat e oxygen saturation, lac e lactate, ren e renal vein, por e portal vein, icv e inferior caval vein, # p < 0.05
between AAA and SHAM, $ p < 0.05 to baseline value, double symbol means p < 0.01.
Figure 4. Cytokine levels (TNF-alpha, IL-6 and IL-10). # p < 0.05 between AAA and
SHAM, ## p < 0.01 between AAA and SHAM, $ p < 0.05 to baseline value.
Figure 5. Markers of oxidative stress (4-HNE and TBARs). #p < 0.05 between AAA and
SHAM, ## p < 0.01 between AAA and SHAM, $ p < 0.05 to baseline value.
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tology of parenchymal organs aimed at detection of inducible
inﬂammatory enzymes (iNOS, myeloperoxidase and
haemoxygenase-1) and transcriptional factors (nuclear factor kappa
B) could better describe tissue changes than light microscopy.12
Conclusion
In this experimental study, the changes induced in experimental
animals well copied the clinical situation. Comprehensive moni-
toring of physiologic data described these processes in detail.
Almost lethal insult resulted in 40% mortality in interventional
group, which is similar to the clinical practice. With tighter control
of blood loss, this model can serve for testing various interventions
considered in rAAA patients.
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